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DYNAMIC SIMULATION AND ANALYSIS OF 
EBR-II ROD-DROP EXPERIMENTS 

by 

A. V. Campise 

ABSTRACT 

The neutronic, thermal, and hydraulic cha rac te r i s ­
t ics of EBR-II were modeled with the A I R O S - I I A ' dynamic-
simulation program. The radial power and reactivity d is ­
tributions in core and blanket regions were simulated by 
di'viding the core and inner blanket into individual feedback 
channels, each representing anaverage fuelelement in var i ­
ous rows of the reactor . Average power and flowrates were 
used to compute the temperature transients associated with 
rod-drop experiments; in turn, these tempera tures were 
used with weighted temperature coefficients to compute the 
many temperature-induced reactivity feedbacks. These com­
putations were applied to recent EBR-II power runs in which 
rod-drop experiments had been conducted; the computed r e ­
sults showed very good agreement with experimental data on 
power level and reacti'vity feedback for the first 40 sec fol­
lowing the rod drops. The dynamic-simulation model de­
scr ibes the response of the reactor for the first 40 sec as 
being due pr imar i ly to driver-fuel axial expansion and to 
density changes in the sodium coolant. These two sources 
of reacti'vity feedback appear to be sufficient to explain the 
variat ions measured m the rod-drop experiments. 

The dynamic-simulation model was also used to an­
alyze EBR-IIcores having a stainless steel reflector. A one-
parameter variation study was conducted with all computed 
negative tempera ture coefficients held constant and a single 
positive feedback assumed to be due to reverse bowing in 
the stainless steel reflector. The computed resul ts agree 
fairly well wi thmeasured rod-drop data and also w i thmeas -
ured power-coefficient data from these cores . 



I. INTRODUCTION 

Control , s tabi l i ty , and safety of E B R - I I a r e of p r i m a r y i m p o r t a n c e 
in the successful opera t ion of th i s L M F B R f a s t - n e u t r o n i r r a d i a t i o n f a c i l i t y . * 
A continuing safety su rve i l l ance is m a i n t a i n e d t h r o u g h the u s e of r o d - d r o p 
techniques. Pe r iod i c tes t ing of the r e a c t o r i s a c c o m p l i s h e d by r o d - d r o p 
exper iments with a s t a in l e s s s t ee l r od in p l a c e of a s t a n d a r d c o n t r o l r o d . 
A da ta-acquis i t ion s y s t e m is used to r e d u c e the da ta , and an i n v e r s e 
kinet ics digital p r o g r a m is used to compute the r e a c t i v i t y f eedback a s s o ­
ciated with the power va r i a t ion r e c o r d e d f r o m an o u t - o f - c o r e ion c h a m b e r . 
The feedback data c o m p r i s e the b a s i c e x p e r i m e n t a l r e s u l t s r e l a t i n g to the 
r eac to r stabil i ty and to the dynamic c h a r a c t e r i s t i c s of a p a r t i c u l a r c o r e 
loading. 

Var ious modeling t echn iques^ ' ' have been u s e d to u n d e r s t a n d the 
cha r ac t e r i s t i c s of the feedback data f r o m v a r i o u s E B R - I I c o r e l o a d i n g s . 
The approach formulated in th is r e p o r t i s tha t of a d y n a m i c s i m u l a t i o n 
of the r eac to r core and r o d - d r o p e x p e r i m e n t . R a d i a l and a x i a l h e a t -
t r ans fe r nodes a r e set up to compute the t e m p e r a t u r e d i s t r i b u t i o n s in 
"averaged" fuel e lements in va r ious rows of the r e a c t o r c o r e and i n n e r 
blanket. P r o m p t - and de layed-neu t ron c o n s t a n t s a r e u s e d a s input t o the 
bas ic space- independent r e a c t o r - k i n e t i c s equa t ions to solve the p o w e r 
var ia t ion resul t ing from a given rod d r o p . A c l o s e d - l o o p r e a c t i v i t y f e e d ­
back network is maintained, and t e m p e r a t u r e changes in the fuel and 
coolant a r e assoc ia ted with the weighted and l o c a l i z e d t e m p e r a t u r e coef­
ficients of reac t iv i ty . The t e m p e r a t u r e - i n d u c e d reac t i ' v i ty c h a n g e s a r e 
used to compute the total r eac t iv i ty feedback a s s o c i a t e d wi th a g iven r o d -
drop exper iment . 

The dynamic s imulat ion, as outl ined above , i s b a s e d on f u n d a m e n t a l 
p r inc ip les of r eac to r k inet ics and hea t t r a n s f e r a s app l ied to da t a f r o m the 
r o d - d r o p expe r imen t s . The AIROS-IIA code ' i s u s e d to p r o g r a m the n e u ­
t ron ic , t h e r m a l , and hydrauUc c h a r a c t e r i s t i c s of e a c h E B R - U c o r e load ing 
A complete descr ip t ion of the t h e o r e t i c a l m o d e l and the input da t a i s g iven 
in the following section. 

•Experimental Breeder Reactor lUEBR-m i« th» ii„,, j o 

.ciiit. .r irradiado„ t.t. .r î  ti,:!^^:::.^ ̂ r^ r : : : s ; ^ r ' ^ ̂ '"-
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II. THEORETICAL MODEL 

The reactor core and inner blanket are divided into eight "averaged" 
rows, seven in the core and one in the inner blanket. Corresponding to these 
rows are six feedback channels that represent driver fuel. A seventh channel 
is used to represent the control-rod locations and to compute the reactivity 
feedback of the control rods in the closed-loop feedback network. The 
eighth feedback channel represents the inner blanket. 

Figure 1 is a schematic representation of the eight feedback channels 
used to represent the EBR-U core and inner blanket. Figure 2 shows the 
basic feedback network used to simulate the closed-loop behavior of EBR-II. 
As indicated in Fig. 2, an "averaged" fuel element is taken to simulate each 
row of the reactor core, and also one is taken for the control rods . The 
final channel is associated with inner-blanket mater ia l . 

The basic reactivity equation is 

NF 
pit) = -at + ^ F K ( 5 T ) K , (1) 

K=i 

where 

and 

p(t) = the total reactivity feedback of the system; 

a = the reactivity ramp rate associated with the stainless 
steel drop rod in $/sec; 

t = the time in seconds; 

Fj^ = the weighted temperature coefficient of reactivity 
associated with feedback node K; 

(6T)j^ = the temperature change in feedback node K; 

NF = the total number of feedback nodes in the closed loop; 

K = the index of the number of feedback nodes. 

Ninety-six different feedback nodes (12 for each of the eight chan­
nels) are considered in the EBR-II dynamic-simulation model. In each 
channel, these nodes consist of nine in fuel (or blanket) mater ia l , and 
three in sodium coolant. (As Fig. 1 shows, the model has 19 nodes per 
channel, but seven of these- - th ree in cladding, three in sodium bond, and 
one in inlet sodium coolant--are not considered feedback nodes.) 
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Fig. 2. Feedback Network for Simulating the Closed-loop Behavior of EBR-II 



In the AIROS-IIA program, the distribution of axial reactivity worth, 
RW, is given as a square of a sine distribution, so that 

(RW)i 

; x+^ i . /•7TZ\ , 

sm^l—1 dz 
^ex+^(i-0 ^ ' (2) 

where 

(RW)i = the axial reactivity weighting in a given feedback node; 

igx = t̂ *̂  extrapolation length; 

1 = the number of axial node (see Fig. 1); 

.e = the length of the node; 

1 = H + 2.«„„; 

and 

H = fuel height. 

The weighted temperature coefficient, Fj^, is 

TK - fe) (").. '=) 
Finally, the temperature-induced reacti'vity feedback is given by 

NF 
X F K S T K = FiBTi + F2ST2 + . . . . F K - I S T K - I + F K S T K , 

K^i 

where the temperature in each radial and axial feedback node is multiplied 
by a radially and axially weighted temperature coefficient to compute the 
total reacti'vity feedback, p(t). Thus, in the eight-channel d'ynamic-
simulation model, we have 96 feedback networks that must be summed over 
to compute the total reactivity feedback associated with a rod-drop 
experiment. 

The required input for the computations includes representat ive 
values for the effective delayed-neutron constants, averaged core and 
blanket temperature coefficients, and the averaged power and flow rate 
in each feedback channel. These data have led to very good agreement 
with zero-power transfer-function measurements . The effective delayed-
neutron constants used to simulate the reactor kinetics are shewn in 
Table I. 
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Group 

1 

2 

3 

4 

01 

a 000252 

0.X14S0 

0.0013U 

aOCI2941 

TABLE 1. Ettectlve Delayed-neutron Constants 

Xj (sec) 

0.0127 

0.0317 

0.1150 

0.3110 

Group 

5 

6 

Xp 

ei 

0.001024 

0.000237 

&ef( - 0.007278 

• • 1.55 X 10- ' sec 

Xj Isec) 

1.4000 

3.7800 

F o r e a c h type of c o r e 
s tud ied , " c o r e - a v e r a g e d " t e m ­
p e r a t u r e coef f i c ien t s of r e a c ­
t iv i ty w e r e c o m p u t e d for d r i v e r 
fuel, b l anke t m a t e r i a l , and 
s o d i u m coolan t . T h e s e t e m ­
p e r a t u r e coefficients '* w e r e 

ob ta ined f r o m a t w o - d i m e n s i o n a l , s i x - g r o u p d i f f u s i o n - t h e o r y d ig i t a l p r o ­
g r a m , and a r e l i s t e d in Tab le II. The c o r e - and b l a n k e t - a v e r a g e d t e m p e r a ­
t u r e coef f i c ien t s w e r e d i s t r i b u t e d over e a c h of the eight c h a n n e l s in our 
m o d e l , u s i n g the n o r m a l i z e d r e a c t i v i t y - w o r t h d i s t r i b u t i o n s shown in 
F i g s . 3 and 4. T h e s e d i s t r i b u t i o n s w e r e n o r m a l i z e d to e a r l i e r Z P R - 3 

' 1 • Prompt-neutron liletlme. 

TABLE I I . Core- ano BlanKel-avereged Temperature Coelllcients ol Reactivity 
lor Stainless Sleel-rellected and Depleted-uranjum-blanketed Cores 

CompooenI 

Core sodium density 

Density of sodium in radial blanket 

Density of sodium in axial blanket 

Axial expansion ol fuel 

Depleted-uranium Radial Reflector; 
Stainless Steel Axial Reflector^ 

(430 Ih - 1% Ak/kl 

Temperature Coefficient 
dhZ-CI 

0.384 

0.0U 

0.W2 

0.213 

Stainless Steel Radial Reflector; 
Stainless Steel Axial Reflector'' 

1404 Ih • l%Ak/k) 

Temperature Coefficient 
HhZ-Cl 

0.361 

O.OW 

0.186 

0.183 

Density of radial-blanket uranium 
and stainless steel 

3Runs 29C, 33A, and 36A. 
""Runs 268 and 29A. 
'̂ A small amount ol depleted uranium not yet replaced by stainless steel. 

0.3 

0.2 

n 1 

" 

-

CORE CENTER 
ROW IN CORE 

Fig. 3. NormalizedReactivity Worthof 235(jasa 
Function of Radial Position in the EBR-II 
Critical Mockup (adjusted for a typical 
EBR-II loading of driver-fuel and 
experimental subassemblies) 

CORE CENTER 
ROW IN CORE 

Fig. 4. Normalized Reactivity Worthof Sodium 
Coolant as a Function of Radial Position 
in the EBR-II Critical Mockup 



16 

c r i t i c a l - a s s e m b l y m o c k u p s ' of the o r i g i n a l E B R - I I c o r e , and ad ju s t ed for a 
typ ica l , c u r r e n t co r e loading that inc luded e x p e r i m e n t a l s u b a s s e m b l i e s . 
Addi t ional c r i t i c a l e x p e r i m e n t s for p r e s e n t c o r e load ings should a p p r e c i a b l y 
i m p r o v e th i s input da ta and wil l be u t i l i zed in fu ture a n a l y s i s of r o d - d r o p 
e x p e r i m e n t s . 

The m e a s u r e d react iv i ty w o r t h s of s o d i u m in the E B R - I I c r i t i c a l 
mockup in the r a d i a l and ax ia l d i r e c t i o n s a r e dep i c t ed in F i g s . 5 and 6. 
The m o c k u p - c o r e c o m p o s i t i o n s a r e l i s t ed in Tab le III, and the i n n e r and 
outer r ad i i of the r a d i a l subs t i tu t ion r e g i o n s a r e l i s t e d in T a b l e IV and 
shown in F i g . 7. The weighted t e m p e r a t u r e coef f i c ien t s w e r e u s e d in the 
r a d i a l d i r e c t i o n as ind ica ted by the n o r m a l i z e d c r i t i c a l - a s s e m b l y da ta , and 
the axia l i m p o r t a n c e d i s t r i b u t i o n was t aken to be the s q u a r e of a s ine d i s ­
t r ibu t ion i n t e g r a t e d over the length of the ind iv idua l fuel c h a n n e l a s a v a i l a b l e 

RADIAL P O S I T I O N . I N . 

Fig. 5. Measured Reactivity Worths of Sodium Samples as a Function 
of Radial Position in the EBR-II Critical Mockup 

A X I A L P O S I T I O N . I N . 

Fig. 6. Measured Reactivity Worths of Sodium Samples as a Function 
of Axial Position in the EBR-II Critical Mockup 
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T A B L E m . C o m p o s i t i o n s of E B R - I I C r i t i c a l Mockup 

S o d i u m - f i l l e d 
C lean C o r e 

A l u m i n u m - f i l l e d 
C lean C o r e 

C r i t i c a l M a s s , kg 161.6 161.0 

C o m p o s i t i o n (vol %) 

A l u m i n u m - f i l l e d 
E n g i n e e r i n g C o r e 

166.2 

"^U (18.75 g / c c ) 13.92 
"^U (19.0 g / c c ) 15.83 
SS (7.85 g / c c ) 16.86 
Al (2.70 g / c c ) 
Na (0.97 g / c c ) 39.94 

13.92 
15.83 
19.31 
17.77 

See 
T a b l e VIII 

of 
Ref. 5 

T A B L E IV. Inner and Oute r Radi i (in.) of Subs t i tu t ion R e g i o n s 

Region 
Sod ium- f i l l ed C l e a n C o r e and 
A l u m i n u m - f i l l e d C lean C o r e 

A l u m i n u m - f i l l e d 
E n g i n e e r i n g C o r e 

I 
n 

m 
IV 

0-3.69 
3.69-6.62 
6.62-9.39 

10.21-12.69 

0-3.69 
3.69-6.62 
6.62-9.70 
9.70-15.50 

m 15 1,6 17 18 19 2021 22 23 24 

CORE BOUNDARY 

Fig. 7 
Radial Regions of Material Sub­
stitutions in "Engineering Core" 
of EBR-II Critical Mockup 

in AIROS-IIA. Th i s f o r m u l a t i o n i s g iven in Eq . (2). F u t u r e m o d i f i c a t i o n s to 
the AIROS-IIA d ig i t a l p r o g r a m wil l a l low add i t i ona l a x i a l d i s t r i b u t i o n s for 
the t e m p e r a t u r e coeff ic ient of e a c h feedback node , t h e r e b y a l lowing a c l o s e r 
d y n a m i c s i m u l a t i o n of the E B R - I I c h a r a c t e r i s t i c s . The a v e r a g e d power 
l e v e l s and flow r a t e s for the fuel and b l anke t c h a n n e l s w e r e t aken f r o m the 
C O O L T E M P ' f o r m u l a t i o n , and a r e l i s t ed in Tab le V for e a c h of the c o r e 
load ings s tud ied . 



TABLE V. Averaged Power Levels and Flow Rates for Fuel and Blanket Channels 

Channel 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

Simulation 

Averaged Fuel 
Element (Row 11 

Averaged Fuel 
Element (Row 21 

Averaged Fuel 
Element (Row 3) 

Averaged Fuel 
Element (Row 41 

Averaged Fuel 
Element (Row 51 

Averaged Fuel 
Element in 
Control Rods 
(Row 31 

Averaged Fuel 
Element (Row 6) 

Averaged Blanket 
Element (Row 71 

Total Power 
• 41.5 MW 

Run 

Power 
(Btu/secl 

6.69 

7.22 

6.53 

6.27 

5.67 

5.63 

4.88 

0,64 

26B' 

Flow 
(Ib/secl 

0.197 

0.197 

0.173 

0.127 

0.108 

0.126 

0.093 

0.042 

Total Power 
• 45.0 MW 

Run 

Power 
(Btu/secl 

7.66 

7.61 

6.84 

6.43 

6.03 

6.01 

5.31 

0.66 

2 9 A ' 

Flow 
(Ib/secl 

0.186 

0.186 

0.169 

0.131 

0111 

0.129 

0096 

0043 

Total Power 
• 45.0 MW 

Run 29c'' 

Power 
(Btu/secl 

7.05 

7.95 

6.30 

6.23 

5.55 

5.54 

4.85 

5.95 

Flow 
(lb/sec) 

0187 

0.187 

0.156 

0.127 

0.103 

0.119 

0.089 

0.127 

Total Power 
• 50.0 MW 

Run 3 3 A ' 

Power 
(Btu/secl 

8.13 

8.02 

7.25 

7.48 

6.36 

6.27 

5.24 

4.80 

Flow 
(ib/secl 

0.195 

0.102 

0.161 

0.126 

0.105 

0.124 

0.092 

0.135 

Total Power 
. 50.0 MW 

Run 

Power 
(Btu/secl 

8.01 

7.90 

7.29 

7.35 

6.32 

6.24 

5.19 

5.26 

36A" 

Flow 
(lb/sec) 

0.200 

0.108 

0.146 

0.129 

0.109 

0.126 

0.094 

0.136 

^Stainless steel radial-blanket subassemblies. 
''Oepleted-uranjum radial-blanket subassemblies. 

In summary, the dynamic simulation of the EBR-II core is accom­
plished by using (a) eight channels of fuel and blanket elements, with 
radial weighting of reactivity worths in accord with a normalized d i s t r i ­
bution from the EBR-II critical mockup in ZPR-3, and (b) calculated t em­
perature coefficients with axial weighting by a sine-squared distribution. 

The temperature changes are computed in each feedback node and 
associated with a temperature coefficient to compute the individual r e a c ­
tivity contribution of the node to the total system feedback. These individ­
ual contributions are summed over 96 feedback nodes, and closed-loop 
feedback paths are computed in the AIROS-IIA formulation, giving the 
total reactivity of the system at any time step following the insert ion of the 
stainless steel drop rod. 

Implicit in the fuel-channel heat- transfer model are all the principal 
properties of uranium-5 wt % fissium driver fuel, stainless steel cladding, 
and sodium coolant. The AIROS-IIA dynamic simulation of EBR-II is as 
complete a model as we can presently utilize with existing digital p rograms . 
The accuracy and sensitivity of this model are discussed in the subsequent 
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III. PHYSICAL CHARACTERISTICS OF 
EXPERIMENTAL CORE LOADINGS 

Experimental rod-drop data from five different core loadings are 
analyzed in the following sections. These core loadings are shown in 
Figs. 8 through 12. The figures indicate the location of experimental 
subassemblies, driver-fuel subassemblies, safety and control rods, and 
the stainless steel drop rod. The environment surrounding the drop rod is 
worth noting, since this environment appreciably affects the at-power re­
activity worth of the drop rod and the uncertainty associated with this 
reactivity worth. 

Table VI gives the measured zero-power reactivity worths of the 
stainless steel drop rod in the core loadings studied. Two basic uncer­
tainties a re included in this table: (a) the reproducibility of the rod-drop 
worth at 500 kW, and (b) an estimate of the uncertainty in rod worth at full 
power due to increased neutron leakage from the reactor at full-power 
tempera tures . 

Character is t ics of the experimental subassemblies are given in 
Appendix F . Figure 13 is a cross section of the EBR-II reactor showing 
the major components in the reactor vessel . Figure 14 is a schematic view 
of the reactor vessel and neutron shield assembly. 

As noted in Table V, six averaged driver-fuel elements are simulated 
in our feedback model. Figure 15 is a pictorial view of the two types of 
EBR-II driver-fuel elements and subassemblies that were in the EBR-11 core 
from runs 26B to 36B. Figures 16 and 17 show the physical design of the 
control and safety rods in the EBR-II core. Figure 18 shows the physical 
arrangement of fuel elements in the inner-blanket subassembly. 

Averaged fuel elements from these subassemblies, representing 
individual radial-row locations in the core and blanket, were simulated to 
compute the temperature and reactivity changes associated with the stain­
less steel rod-drop experiments. The experimental and theoretical results 
are compared in the following section. 



KEY: OSC - OSCILLATOR ROD 

SSCR - SS DROP ROD 
D - DRIVER FUEL 

C - CONTROL ROC 
S - S i F E T Y ROC 
P - HftLF DRIVER FUEL. H * L F SS 
R - SS REFLECTOR 
X - E X P E f l l H E H T i L SUBASSEMBLY 

HEY: SSTH - SS TH IMBLE 

OSC - OSCILLATOR ROO 

8ETH - BERYLLIUM THIMBLE 

SSCR - SS DROP ROD 

C - CONTROL ROD 

S - SAFETY ROC 

D - DRIVER FUEL 

P - HALF DRIVER FUEL, HALF SS 

B - DEPLETED URANIUM 

R - SS REFLECTOR 

X - EXPERIMENTAL SUBASSEMBLY 

Fig. 8. EBR-II Loading Pattern. Run 26B Fig. 9. EBR-II Loading Pattern, Run 29B 



KEY: SSTM - SS THIMBLE C - CONTROL ROO 
OSC - OSCILLATOR ROD S - SAFETY ROD 
BETH - BERYLLIUM THIMBLE D - DRIVER FUEL 
SSCR - SS DROP ROD P - HALF DRIVER FUEL. HALF SS 

B - DEPLETED UPAHIUM 
X - EXPERIMENTAL SUBASSEMBLY 

KEY: SSTH - SS THIMBLE C - CONTROL POD 
OSC - OSCILLATOR ROC G - SAFETY ROD 
BETH - BERYLLIUM THIMBLE D - DRIVER FUEL 
SSCR - SS DROP ROD P - HALF DRIVER FUEL. HALF SS 

B - DEPLETED URANIUM 
R - SS REFLECTOR 
X - EXPERIMENTAL SUBASSEMBLY 

Fig. 10. EBR-II Loading Pattern, Run 29C Fig. 11. EBR-II Loading Pattern, Run 33A 
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KEY: SSTH - SS T X I M 8 L E 
OSC - OSCILLATOR 
BETH - BERYLLIUM TH IMBLE 

SSCR • SS DROP ROD 

- CONTROL ROO 

- SAFETY ROO 

• DRIVER FUEL 

• HALF DRIVER F U E L . HALF SS 

• DEPLETED URANIUM 

• SS REFLECTOR 

- EXPERIMENTAL SUBASSEMBLY 

Fig. 12. EBR-II Loading Pattern, Run 36A 

T A B L E V I . R e a c t i v i t y W o r t h s of t h e S t a i n l e s s S t e e l 

D r o p R o d i n S e v e r a l C o r e L o a d i n g s 

R u n 

N u m b e r 

2 6B 

2 9 A 

2 9 C 

3 3 A 

36A ( n e w r o d ) 

R e a c t i v i t y 

W o r t h ($) 

0 . 0 4 1 7 

0 . 0 4 9 3 

0 . 0 4 0 8 

0 . 0 5 3 3 

( 0 . 0 2 2 1 ) 

E s t i m a t e d U n c e r t a i n t y ($) 

A t 5 0 0 k W ^ 

± 0 . 0 0 0 2 

± 0 . 0 0 0 2 

± 0 . 0 0 0 2 

± 0 . 0 0 0 5 

± 0 . 0 0 0 5 

A t F u l l P o w e r ^ 

± 0 . 0 0 2 1 

± 0 . 0 0 2 5 

± 0 . 0 0 2 0 

± 0 . 0 0 2 7 

± 0 . 0 0 1 1 

^ R e p r o d u c i b i l i t y a t 5 0 0 k W . 

" B a s e d o n 5% e s t i m a t e d u n c e r t a i n t y . 
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Fig. 13. EBR-II Reactor Showing Location of Major Components 



CONTROL ROO DRIVE SHAFTS ( 1 2 ) 
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Fig. 14. Reactor Vessel and Neutron shield Assembly 



TOP OE FUEL ELEMENT 

Fig. 15. Mark-IA and -B Model STB Fuel Subassemblies 
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BUSHING 
RETAINING RING (4) 

COHPRESSION SPRING 

BUSHING RETAINING 
RING (4) 

BUSHING INSERT (4) 

PIN 

POSITIONING SLOT 

CONTROL ROD AND GUIDE THIMBLE 

(CONTROL ROD IN LOWERED POSITION) 

Fig. 16. Mark-I Control Subassembly 
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UPPER ADAPTOR 

UPPER ADAPTOR 

LOWER TIP OF 
REFLECTOR SHIELD 

BUSHING INSERT (4) 

BUSHING INSERT (4) 

SAFETY ROD 
DRIVE SHAFT 

Fig. n . Mark-I Safety Subassembly 
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ELEMENT ARRANGEMENT 

NKETFILLER (12) 

COMPRESSION SPRING 

1 1 " DEPLETED URANIUM 

SLUG(5) 

BOTTOM ELEMENT TIP 

0 176" OIA UPPER 

FLO* HOLE (6 I 

0 180" OIA MIDDLE 

FLO* HOLE ( 6 ) 

0 375 " DIA LO«ER 

FLO* HOLE ( 6 ) 

Fig. 18. Inner-blanket Subassembly 
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IV. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 

Five different core loadings were studied with the dynamic-
simulation model discussed in the ear l ier sections. These five core loadings 
were chosen for the following reasons : Run 33A represented a typical, 
current core loading that included experimental subassemblies and a radial 
depleted-uranium blanket. Run 29C was analyzed because it was the first 
core to be converted back to a depleted-uranium blanket from a stainless 
steel reflector. Run 29A was the last core that contained a stainless steel 
reflector. Run 26B was one of the ear l ies t stainless steel-reflected core 
loadings studied by rod-drop techniques. Run 36A was studied because this 
was the first time a lower-worth, rapidly inserted stainless steel rod was 
used. The reasons for study of these cores are summarized in Table VII. 
The first resul ts discussed below are those from run 33A. 

TABLE VII. Reasons for Selecting Core Loadings 
for Study with AIROS Dynamic-simulation Model 

Run 
Number Reasons for Selection 

2 6 B Ear l ies t SS-reflected core exhibiting a 
positive feedback from reverse bowing of 
SS reflector. 

29A Last core loading containing SS reflector; 
a reference for comparison with run 29C 
with depleted-uranium blanket. 

29C F i r s t core loading with radial depleted-
uranium blanket to be subjected to rod-
drop experiments. 

33A Typical core loading that included exper i ­
mental subassemblies and a depleted-uranium 
blanket. 

36A F i r s t core loading where a new high-speed 
drop rod (s:90-msec insertion) with low 
worth {~Z^ ) was used. 

A. Cores with Depleted-uranium Radial Blanket 

1. Run 33A 

Results from run 33A are extensively analyzed in this repor t 
and are initially discussed in this section. The sensitivity studies reported 
in Sect. V deal solely with run 33A. 



30 

Figure 19 shows the experimental resul ts obtained from the 
rod-drop experiment. The figure shows the computed reactivity feedback 
in dollars and the percentage of initial power level as functions of t ime. 
Also shown are the resul ts obtained by using the dynamic model to simulate 
this experiment. Agreement is very good, and differences between measured 
and computed values are well within the experimental uncertainty inherent in 
the reduced experimental data (see Appendix A). These resul ts indicate, 
as do other results given below, that the rod-drop experimental data 
essentially contain information relating to the feedback networks associated 
with driver-fuel axial expansion and sodium density changes, since these 
are the only effects that are computed in our initial dynamic-simulation 
model for EBR-II. Other delayed feedback te rms can be identified in a 
theoretical feedback model (see Appendix E), but resul ts for the f i rs t 40 sec 
of the rod drop indicate that they are not significant and need not be a c ­
counted for in the basic model. These resul ts indicate, as do other cono-
parisons given below, that the character is t ics of the rod drop are 
reasonably well predicted, assuming that only fuel and coolant feedback 
networks for core and blanket are present for the first 40 sec following 
the drop. Additional feedback networks may be present but may be unde­
tected because of uncertainties in experimental data (see Sect. V). 
Figure 20 shows results obtained at 27.5 MW and 100% flow for run 33A. 
The same excellent agreement is apparent. 

To obtain an indication of the importance of the delayed-feedback 
te rms , computed rod-drop results were compared with s teady-state 
measurements of the EBR-II power coefficient. These steady-state 

-MOOEl RESULTS 

*-EXPEfilMENT4L DATA 

TIME AFTER ROD DROP. SEC 

Fig. 19. Comparison of Model Results with Experimental Data 
for Run-33A Rod Crop (50 MW, 100% flow) 
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Fig. 20. Comparison of Model Results with Experimental Data 
for Run-33A Rod Drop (27.5 MW, 100% flow) 

m e a s u r e m e n t s a r e r o u t i n e l y m a d e f o r e a c h p o w e r r u n of E B R - I I . T h e y 

a r e m a d e o v e r t h e h a l f - h o u r t o h o u r f o l l o w i n g t h e i n i t i a l c h a n g e i n p o w e r , 

a n d t h e a s s o c i a t e d c h a n g e i n r e a c t i v i t y i s n o t e d . 

T h e s t e a d y - s t a t e m e a s u r e m e n t s w e r e c o m p a r e d w i t h t h e t r a n ­

s i e n t p o w e r c o e f f i c i e n t a s o b t a i n e d f r o m c o m p u t e d r o d - d r o p r e s u l t s a t t h e 

e n d of 150 s e c of c o m p u t e d f e e d b a c k . T a b l e VI I I s h o w s t h e r e s u l t s f o r 

r u n 3 3 A . * T h e t r a n s i e n t c a l c u l a t i o n s y i e l d a p o w e r c o e f f i c i e n t of - 1 . 2 5 I h / 

M W , w h i l e t h e s t e a d y - s t a t e m e a s u r e m e n t s ^ i e l d v a l u e s of - 1 . 5 to - 1 . 6 I h / 

M W . T h u s t h e c a l c u l a t e d a n d e x p e r i m e n t a l r e s u l t s d i f f e r b y a b o u t 2 0 % . 

TABLE VIII. Computed Transient Power Coefficient Compared witti Measured 
Steady-state Power Coefficient, Run 33A (No. 2 control rod inserted) 

Initial Power 
Level IfYIW) 

50.0 
27.5 

System Reactivity 
at 150 sec after 

Rod Drop (ih) 

-2.37 
-5.116 

Change 
Power 

after Rod 

-

in Reactor 
150 sec 
Drop (MWI 

1.31 
8.82 

Change in Reactivity 
150 sec after 
Rod Drop (Ihl 

+14.11 
+ 11.02 

Power Coefficient 
(Itl/MWI 

Transient 
Calculation 

-1.25 
-1.25 

Steady-state 
Measurement 

-1.50 ± 0.10 
-1.60 ± 0.10 

Difference 
Calc-Exp 

-17% 
-22% 

W e c o n c l u d e f r o m t h i s c o m p a r i s o n t h a t t h e m e a s u r e m e n t s of 

s t e a d y - s t a t e p o w e r c o e f f i c i e n t i m p l y a d d i t i o n a l d e l a y e d - f e e d b a c k t e r m s 

t h a t a r e n o t c o n t a i n e d i n t h e 4 0 s e c of r e c o r d e d r o d - d r o p e x p e r i m e n t a l 

d a t a . T h e d e l a y e d - f e e d b a c k n e t w o r k s s h o w n i n A p p e n d i x E p r o b a b l y 

*These results were obtained with the No. 2 control rod in the core. The rod-drop results of Figs 19 and 20 
-were obtained with the No. 2 control rod removed so as to eliminate a possible shadowing effect on the 
stainless steel drop rod. 
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accoun 
t for the difference between the calculated transient power coe ffi-

cient and the measured steady-state power coefficient. 

2. Run 29C 

Run 29C also had a radial depleted-uranium blanket but Oi^ 
maximum reactor power was 45 MW. Figure 21 shows the - d - d r ° P 
for 45 MW and 100% flow. The computed and experimental ',^'^^ 
time response and magnitude of the - - ' ^ - ' ^ / " ' ^ ^ ^ f ^ ^ ^ ^ ^ ^ . ^ g run 29c, 
agreement for the first 40 sec of recorded rod-drop data. ^^^^^'^ ^^^ 
additional experiments were conducted at a reactor power level o ^ 22^5 MW 
and 100% flow; the same excellent agreement was obtamed as ^^own in 
F^g. 22, indicating that runs 29C and 33A are well charac ter ized m their 
reactivUy-feedback response by axial expansion and sodium-density 
changes. Table IX compares the computed transient power coefficient 
with the measured steady-state power coefficient for run 29C. 

0.035 

0.030 

0.025 

0.020 

0.015 

0.010 

0.005 - ^ 3 f ^ 

r^— -MODEL RESULTS 

/ I / V E X P E R I M E H T A L DATi 

0 2 6 10 in 18 22 26 30 34 36 

TIME AFTER ROD DROP. SEC 

0 2 6 10 14 18 22 26 30 34 38 

TIME AFTER ROD DROP, SEC 

Fig. 21. Comparison of Model Results with Experi­
mental Data for Run-29C Rod Drop 
(45 MW, 100% flow) 

Fig. 22. Comparison of Model Results with Experi­
mental Data for Run-29C Rod Drop 
(22,5 MW. 100*7o flow) 

TABLE IX. Computed Transient Power Coefficient Compared with Measured 
Steady-state Power Coefficient, Run 29C 

Initial Power 
Level (MW) 

45.0 
22.5 

System Reactivity 
at 150 sec after 
Rod Drop (Ihl 

-1.968 
-4.82 

Change in Reactor 
Power 150 sec after 

Rod Drop (MWI 

-8.68 
-6.39 

Ctiange in 
Reactivity 150 sec 

alter Rod Drop (Ih) 

+10.70 
+7.85 

Power Coefficient llh/MWI 

Transient Steady-state 
Calculation Measurement 

-1.23 
-1.23 

-1.70 ± 0.10 
-1.70 ± 0.10 

% 
Difference 
Calc-Exp 

-287. 
-2S?. 
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Runs 29C and 33A both used a stainless steel rod with a total 
worth of approximately 5j/. This rod had an effective insertion time of 
280 msec . 

3. Run 36A 

For run 36A, the stainless steel drop rod was rebuilt to de­
crease the reactivity insertion time to 90 msec . However, the total worth 
of the drop rod was decreased to approximately 2(/. The reason for de­
creasing the insertion time of the drop rod was to introduce all of its 
reactivity into the reactor system in less time than the time constant of the 
driver-fuel metal , which is approximately 250 msec . The technique of 
dropping the stainless steel rod in less time than the driver fuel can respond 
to the initial power drop was used for the first time in run 36A; Fig. 23 
shows the dynamic simulation of this run. A great deal of noise is indicated 
in the experimental data because of the low rod worth. However, the model 
predicts the general time response of the experimental data and is in very 
good agreement with the magnitude of the naeasured reactivity feedback. 

O.OIS 

O.MO 

0.005 

0.000 

I 

^ • 1 

^ - - - ^ 

. A/*V^ 

1 

- - - - — — _ 

/ A ^ 

' 1 

—1 1 I 1 1 

""""̂  ^ni^^i?^ 
W ' W ^ ' ' ^ ' * ^ -

. 

» 

MOOEL RESULTS 

ry/VHEXPERIMENTAL DATA 

TIME AFTER ROD DROP, SEC 

Fig. 23. Comparison of Model Results with Experimental Data 
for Run-36A Rod Drop (50 MW, 10070 flow) 

B . C o r e s wi th S t a i n l e s s S tee l R a d i a l R e f l e c t o r s 

1. Run 29A 

The b a s i c d y n a m i c - s i m u l a t i o n m o d e l u s e d in th i s r e p o r t d o e s 
not a c c o u n t for any r e a c t i v i t y f eedbacks i n t r o d u c e d f r o m t h e r m a l bowing of 
c o r e and b l a n k e t s u b a s s e m b l i e s r e s u l t i n g f r o m t e m p e r a t u r e g r a d i e n t s in 
the c o r e and b l anke t r e g i o n s . P r e v i o u s a n a l y s i s ' had shown tha t r e v e r s e 
bowing ( i n w a r d t o w a r d the c o r e ) was p r e s e n t in the s t a i n l e s s s t e e l b l a n k e t 
s u b a s s e m b l i e s d u r i n g s r u n s 25 t h r o u g h 29A. T h e r e f o r e , an a t t e m p t w a s 
m a d e in the p r e s e n t s tudy to fit the m e a s u r e d r o d - d r o p da ta for r u n 29A, 
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assuming a variable posi t ive bowing coeff ic ient a s s o c i a t e d with sodium 
temperatures in the s t a i n l e s s s t ee l r e f l e c tor , along with constant tenaper-
ature coefficients for fuel and coolant densi ty changes as previous ly l i s t e d 
in Table II. Results of these fits are shown in F i g s . 24 through 28. 
Figure 29 shows the posit ive b lanke t - subassembly -bowing coef f ic ients 
required to fit the exper imental data. 

0.036 

0.030 

0.025 

^ 0.020 

F
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E
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MOOEL RESULTS 
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' 

-

-

-

-

-

- — M O D E L RESULTS 

; l / U ^ E I ( P E R I H E N T A L DATA 

MING COEFFICIENT • - 0 . 2 1 X l O ^ ^ $ / ° F 

2 e 10 l<l IB 22 26 3 0 3n 38 

TIME AFTER ROO DROP, SEC 

2 6 10 IW IB 22 26 3 0 34 38 

T I H E AFTER ROO DROP. SEC 

Fig. 24. Comparison of Model Results with 
Experimental Data for Run-29A 
Rod Drop (45 MW, 100% flow) 

Fig. 25. Comparison of Model Results with 
Experimental Data for Run-29A 
Rod Drop (41.5 MW. 100<yo flow) 

MODEL RESULTS 

"'WEXPERIMEHTAL OATA 

BOWING COEFFICIENT - 0.i« X 10"^ t/°F 

0 2 6 10 14 16 22 26 30 34 36 "" 

TIME AFTER ROD DROP, SEC. 

Fig. 26. Comparison of Model Results with 
Experimental Data for Run-29A 
Rod Drop (25 MW, 100% flow) 

MODEL RESULTS 

'^^EXPERIMENTAL OATA 

BOWING COEFFICIENT - 0,15 X lO'^ J/°F 

0 2 6 10 lU la 22 26 30 34 38 "^ 

TIME AFTER HOD DROP, SEC 

Fig. 27. Comparison of Model Results with 
Experimental Data for Run-29A 
Rod Drop (15 MW, 100% flow) 
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MOOEL RESULTS 

-*^-WEXPES1 MENTAL DATA 

BOWING COEFflCIENT = 0 . 0 

Fig. 28 

Comparison of Model Results with 
Experimental Data for Run-29A 
Rod Drop (12.5 MW, lOO ô flow) 

0 2 6 10 II IB 22 26 30 34 38 

TIME iFTER ROD DROP. SEC 

Fig. 29. Effective Bowing Reactivity Coefficient as 
a Function of Reactor Power for Run 29A 

Of p a r t i c u l a r i n t e r e s t a r e the r e s u l t s of the r o d - d r o p e x p e r i m e n t 
in r u n 29A conduc t ed at 12.5 MW and 100% flow. We o b s e r v e h e r e tha t the 
nega t i ve t e m p e r a t u r e coef f ic ien t s l i s t e d e a r l i e r in T a b l e II a r e suff ic ient 
by t h e m s e l v e s to exp la in r o d - d r o p da t a for the f i r s t 40 s e c following the 
d r o p . The b l a n k e t - b o w i n g coef f ic ien t h e r e i s equa l to z e r o . T h i s i s an 
i m p o r t a n t r e s u l t s i n c e i t i n d i c a t e s that wi thout the p r e s e n c e of s u b a s s e m b l y 
bowing , the E B R - I I c o r e i s we l l c h a r a c t e r i z e d by fuel a x i a l e x p a n s i o n and 
s o d i u m - d e n s i t y c h a n g e s . 
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In F i g . 29, a s e m i q u a n t i t a t i v e c u r v e h a s b e e n d r a w n t h r o u g h the 
individual effective bowing coef f ic ien t s r e q u i r e d to fit the r o d - d r o p da t a 
for run 29A. The r a n g e of power change in the r o d - d r o p e x p e r i m e n t i s 
indicated. The cu rve has been d r a w n t h r o u g h the m i d p o i n t of the power 
range during the e x p e r i m e n t . T h e s e r e s u l t s i n d i c a t e tha t the effect of 
b l a n k e t - s u b a s s e m b l y bowing s a t u r a t e s a t a r e a c t o r power b e t w e e n 22 and 
24 MW and that it e x t r a p o l a t e s to a z e r o bowing effect a t a p p r o x i m a t e l y 
11 and 49 MW. This r e s u l t is in v e r y good a g r e e m e n t wi th r n e a s u r e m e n t s 
of the p o w e r - r e a c t i v i t y d e c r e m e n t (PRD) m a d e in r u n s 29A, 29B, and 29C. 

During run 29A a c o m p l e t e s t a i n l e s s s t e e l r e f l e c t o r s u r r o u n d e d 
the EBR-I I c o r e . F i g u r e 30 shows the P R D m e a s u r e m e n t s going up and 
down in power , 0-> 45-> 0 MW. A n o t i c e a b l e change in s l ope (power 
coefficient) o c c u r s be tween 15 and 30 MW. F i g u r e 31 s h o w s the c o r r e ­
sponding PRD m e a s u r e m e n t s for r u n 29B, w h e r e only the e igh th row c o n ­
tained s t a in l e s s s t e e l r e f l e c t o r , whi le the s e v e n t h c o n t a i n e d d e p l e t e d - u r a n i u m 
s u b a s s e m b l i e s . The d e p a r t u r e f r o m a l i n e a r b e h a v i o r now o c c u r s b e t w e e n 
20 and 35 MW. F ina l l y , in F i g . 32 ( run 29C) , a l l of the s t a i n l e s s s t e e l 
re f lec tor s u b a s s e m b l i e s have been r e p l a c e d wi th d e p l e t e d - u r a n i u m s u b ­
a s s e m b l i e s , and a n e a r l y l i n e a r b e h a v i o r i s no t ed . T h e r e i s a m a r k e d 
s imi l a r i t y between a l l P R D m e a s u r e m e n t s in r u n s 29A, 29B , and 29C 
between 0 and 12 MW, indica t ing f r o m the t h e o r e t i c a l f i t t ing d i s c u s s e d 
above that no bowing was p r e s e n t at l ower power l e v e l s . 

Fig. 30. Run-29A Power-coefficient Data, 
Normalized to a Rod Bank of Fig. 31. Run-29B Power-coefficient Data, 

Normalized to a Rod Bank of 
11.00 in. 
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Tab le X c o m p a r e s the c o m ­
puted t r a n s i e n t power coef f ic ien t wi th 
the m e a s u r e d s t e a d y - s t a t e power c o ­
eff icient for run 29A. As shown, a 
c o n s i d e r a b l e a m o u n t of r e a c t i v i t y i s 
s t i l l in the s y s t e m at the end of 150 s e c 
in the t r a n s i e n t c a l c u l a t i o n . The c a l ­
cu l a t ed power coef f ic ien t s r a n g e f r o m 
10% h ighe r to 50% lower than the c o r r e ­
sponding m e a s u r e d power coe f f i c i en t s . 

T h e s e r e s u l t s a r e shown s e m i -
quan t i t a t ive ly in F i g . 33 . The power 
coeff ic ient i s l e s s nega t ive as power 
is i n c r e a s e d to a p p r o x i m a t e l y 20 to 
24 MW, the points a t which the d y n a m i c 
m o d e l and the e x p e r i m e n t a l r e s u l t s , 
r e s p e c t i v e l y , i n d i c a t e that the coef f ic ien t 
r e a c h e s i t s s m a l l e s t nega t ive v a l u e . 
Since t he se r e s u l t s a r e only s e m i ­

q u a n t i t a t i v e , they do not p r e c l u d e tha t dur ing a r e a c t o r t r a n s i e n t a t i n t e r ­
m e d i a t e power l e v e l s , a z e r o or s l igh t ly pos i t ive coeff ic ient could have 
been p r e s e n t in the v inc in i ty of 22 MW in run 29A. 

Fig. 32. Run-29C Power-coefficient Data 
Taken on July 16, 1968. Normalized 
to a Rod Bank of 11.00 in. 

TABLE X. Computed Transient Power Coefllclent Comiiared with Measured Steady-state Power Coelllclent. Run 24A 

Power Coelficient (Ih/MWI 
System Reactivity 
at 150 sec after 

Rod Drop (Ih) 

-7.35 
-8.90 

-15.53 
-12.87 
-12.03 

Change in Reactor 
Power 150 sec alter 

Rod Drop (MWI 

-13.66 
- t l . l l 
-11.48 
-6.28 
-5.06 

Change in 
Reactivity 150 sec 

alter Rod Drop (Ih 

* 10.33 
••8.78 
*2.I5 * 
+4.81 
+5.65 

Transient 
Calculation 

-0.756 
-0.622 
-0.188 
-0.766 
-1.12 

Steady-state 
Measurement 

-0,732 
-0.567 
-0.522 
-1.910 
-2.170 

Diflerence 
Calc-£xp 

+10.32 
+10.97 
-36.01 
-40,10 
-51,61 

REACTOn POWER. MWt 

0,00 

1.00 

-2.00 

/ 

' , 

/ 
^ / 

/ 
/ / 

/ / 

, 

/ / 
' .̂ -: tr . • — -r-^ ' 

• • - » . 

, •^^^^i.j ' 

. .—.. -̂ v_̂  . 

• - - — RANGE OF POWER IN ROO DROP EXPERIMEHT 

MEASURED STEiOr-STATE POWER COEFFICIEHT 

COMPUTED TRANSIENT POWER COEFFICIEHT 

• RANGE OF POWER IH ROO DROP EXPERIMEHT 

l-ig. 33. Comparison between Computed Transient Power Coefficient (150 sec after rod drop) 
and Measured Steady-state Power Coefficient, in Run 29A 
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The dynamic model fitted to run 29A was used on run 26B for 
comparison, and the resul ts are presented in the following section. 

2. Run 26B 

Run 26B was not extensively analyzed because rod-drop data 
were available for only the first 10 sec following the drop. However, the 
bowing coefficient obtained from run 29A at 41.5 MW was used to see 
whether the dynamic model would predict the brief t ime-response m e a s ­
urement made in run 26B. The resu l t s , shown in Fig. 34, confirm that a 
consistency does exist in the positive bowing charac te r i s t ics of cores r e ­
flected with stainless steel blanket subassemblies . No further analysis 
was made of run-26B data because of the limited recording time of 10 sec. 
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Fig. 34. Comparison of Model Results with Experimental Data for 
Run-26B Rod Drop (41.5 MW, 100% flow) 

F o r the five runs that w e r e a n a l y z e d , we have shown tha t the 
d y n a m i c - s i m u l a t i o n mode l a s s u m e d in this r e p o r t g ive s e x c e l l e n t a g r e e m e n t 
with the r o d - d r o p data for up to 40 s ec of e x p e r i m e n t a l m e a s u r e m e n t in 
d e p l e t e d - u r a n i u m and s t a i n l e s s s t e e l - r e f l e c t e d c o r e s . H o w e v e r i t i s 
i m p o r t a n t to a s s e s s the sens i t i v i ty of this m o d e l to c h a n g e s in the p a r a m ­
e t e r s a s s u m e d in the ba s i c m o d e l . Sec t ion V dea l s wi th th i s s u b j e c t 
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V. SENSITIVITY STUDIES 

Several perturbations were made in the input parameters to test the 
sensitivity of the dynamic-simulationmodel to these pa ramete r s . The varied 
parameters are listed in Table XI. 

TABLE XL P a r a m e t e r s Varied in Sensitivity Studies of Run 33A^ 

Case 
No. Type of Per tu rba t ion 

1 10% reduction in co re - sod ium t empera tu re coefficient 
2 10% reduction in core-fuel t empera tu re coefficient 
3 Reduction to zero of co re - sod ium t empera tu re coefficient 
4 Reduction to zero of core-fuel t empera tu re coefficient 
5 10% reduction in rad ia l -b lanke t -meta l t empera tu re coefficient 
6 10% reduction in rad ia l -b lanket -sodium tennperature coefficient 
7 5% reduction in reactivity worth of s ta inless steel drop rod 
8 5% inc rease in react ivi ty worth of s ta inless steel drop rod 
9 Reduction to zero of radia l -b lanket -sodium t empera tu re coefficient 

10 Reduction to zero of rad ia l -b lanke t -meta l t empera tu re coefficient 
11 3% reduction in p r imary coolant flow 
12 3% reduction in reac tor power 

^No. 2 control rod out of core . 

The basis for connparison in these sensitivity studies was the rod-
drop measurements made in run 33A with the No. 2 control rod out of the 
core. This run was chosen because of the good agreement between the 
"base-case" calculated results and the measured resul ts . As Fig. 35 shows, 
the calculated curves fall right on top of the measured curves. 

0.03 

0.02 

o.ot 

0.00 

1 1 • 

1 1 1 

__„ „>^.———"'""•*" 

-

-

X MODEL RESULTS 

Mi*-*EXPERIMEHTAL DATA 

1 1 1 1 1 

TIME AFTER ROD DROP, SEC 

Fig. 35. Sensitivity-Study Comparison of Model Results (Base Case) with Experimental 
Data for Run-33A Rod Drop (50 MW, 100% flow. No. 2 control rod out) 
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The sens i t iv i ty s t u d i e s w e r e conduc ted by v a r y i n g the m o d e l p a r a m ­
e t e r s a round the v a l u e s shown in T a b l e XII. The w o r t h of the s t a i n l e s s s t e e l 
drop rod was v a r i e d by ±5%, which i s the a s s u m e d u n c e r t a i n t y in r od w o r t h 
at full power ; the p r i m a r y - c o o l a n t flow and r e a c t o r p o w e r w e r e r e d u c e d by 
3%, which is the a s s u m e d u n c e r t a i n t y in t h e s e p a r a m e t e r s . 

TABLE XII. Sensi t ivi ty of Ca lcu la ted R e s u l t s to Changes in Input P a r a m e t e r s 
for the Dynamic-s innulat ion Model (eva lua ted at 40 sec af ter rod drop) 

Case 
No. Type 

M$)^ 5P(%)b 
ax dX 

1 3X = 10% reduct ion in c o r e - s o d i u m t e m p e r a t u r e coefficient 

2 3X = 10% reduct ion in co re - fue l t e m p e r a t u r e coefficient 

3 SX = Reduction to ze ro of c o r e - s o d i u m t e m p e r a t u r e coefficient 

4 bX = Reduction to ze ro of core - fue l t e m p e r a t u r e coefficient 

5 5X = 10% reduct ion in r a d i a l - b l a n k e t - m e t a l t e m p e r a t u r e coefficient 

6 BX = 10% reduct ion in r a d i a l - b l a n k e t - s o d i u m t e m p e r a t u r e coeff icient 

7 aX = 5% reduct ion in reac t iv i ty worth of s t a i n l e s s s t e e l d rop r o d 

8 a x = 5% inc rea se in reac t iv i ty worth of s t a i n l e s s s tee l d rop rod 

9 SX - Reduction to ze ro of r a d i a l - b l a n k e t - s o d i u m t e m p e r a t u r e coeff icient 

10 SX - Reduction to z e r o of r a d i a l - b l a n k e t - m e t a l t e m p e r a t u r e coeff icient 

11 bX - 3% reduct ion in p r i m a r y coolant flow 

12 a x = 3% reduct ion in r eac to r power 

-0.00069 

-0.00083 

-0.00902 

-0.01056 

-0.00003 

-0.00005 

-0.00128 

+0.00128 

-0.00042 

-0.00063 

+0.00039 

-0.00046 

-0.31 

-0.34 

-3.36 

-3.96 

-0.05 

-0.02 

+0.64 

-0.64 

-0.17 

-0.30 

+0.12 

-0.22 

^p = Reactivity, 
h p = Power, 

The r e s u l t s of many of the p e r t u r b a t i o n s l i s t e d in T a b l e XII w e r e 
sma l l and a r e not wor th showing g r a p h i c a l l y . H o w e v e r , s o m e w e r e d r a m a t ­
ical ly ind ica t ive of the sens i t i v i ty of the m o d e l . F i g u r e 36 shows the 

CORE-SODIUH TEMPERATURE COEFFICIENT OF REACTIVITY = 0 , 0 

Fig. 36. Sensitivity-study Comparison of Model Results (Core-sodium 
Temperature Coefficient of Reactivity = 0) with Experimental Data 
for Run-33A Rod Drop (50 MW, IOO?, flow. No. 2 control rod out) 
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computed resul ts assuming that there is no sodium-temperature-induced 
reactivity coefficient in the dynamic-simulation model. The computed 
results depart markedly from the experimental data, indicating that there is 
a definite feedback from the sodium coolant and that this feedback is included 
in the rod-drop experimental data. Figure 37 shows the result of assuming 
that the fuel-temperature-induced reactivity coefficient is equal to zero. 
Here again we note a marked departure from the experimental data, indi­
cating that feedback from the fuel temperature is included in the rod-drop 
experimental data. 

CORE-FUEL TEMPERATURE COEFFICIENT OF HEACTIVITY = 0,0 

•MODEL RESULTS 

EXPERIMEHTAL OATA 

TIHE AFTER ROO DROP, SEC 

Fig. 37, Sensitivity-Study Comparison of Model Results (Core-fuel Temperature 
Coefficient of Reactivity = 0) with Experimental Data for Run-33A 
Rod Drop (50 MW, 100% flow, No. 2 control rod out) 

T a b l e XIII shows the effect of the p e r t u r b a t i o n s on connputed t r a n s i e n t 
p o w e r coe f f i c i en t s . 

TABLE XIII, Computed and Measured Power Coefficients (transieni vs steady-state) with Assumed Changes 
in Parameters in Feedback Model [Run 33Ai No. 2 control rod oul] 

Initial System Change in 
Power Reactivity at Power 150 sec 
Level 130 sec after after Rod 

Parameter Change (MWI fiod Drop (Ih) Drop (MW) 

_. Power Coefficient (Ih/MW) 
Change in !! 

Reactivity 150 sec * 
after Rod Drop Transient Steady-state Diflerence 

(Ih) Calculation Measurement Calc-Exp 

50 -2.17 -10.73 

Cofe-sodium temperature 
coefficient • 00 

Core-fuel temperature 
coefficient • 00 

5% reduction in reactivity 
worth of stainless steel 
drop rod 

5* Increase in reactivity 
worth of stainless steel 
drop rod 

3% reduction in total 
reactor coolant flow 

yh reduction In total 
reactor power 

50 

50 

50 

50 

50 

48.5 

-4,94 

-5.56 

-e.oo 

-2.33 

-2.09 

-2,29 

-15.15 

-15.95 

-10.23 

-11.22 

-10.56 

-10,63 

• 10,61 

• 9.99 

+ 12,76 

+ 13.99 

+ 13,46 

+ 13.26 

-0.700 

-0.626 

-1.50 

-1.50 
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The v a r i a t i o n in w o r t h of the s t a i n l e s s s t ee l tirop r o d is e x t r e m e y 

impor tant , s ince th i s v a r i a t i o n t u r n s out to be the l imi t ing f a c t o r in us ing 

m e a s u r e d r e s u l t s a s a b a s i s for a s s e s s i n g c h a n g e s in the m o d e l r e s u l t s . 

F i g u r e s 38 and 39 show tha t v a r y i n g the r o d w o r t h by 5% c a u s e s an 

55 INCBE«SE IN HEJCTIUTI WRTK OF SS DROP BOD 

TIHE AFTER HOD DROP. SEC 

Fig. 38. Sensitivity-study Comparison of Model Results (5% Reduction in Reactivity Work 
of Stainless Steel Drop Rod) with Experimental Data for Run-33A Rod Drop 
(50 MW, 100% flow, No. 2 control rod out) 

5% REDUCTION IH REACTIVITY WORTH OF SS DROP ROO 

MODEL RESULTS 

•EXPERIMEHTiL DATA 

TIME AFTER ROD DROP, SEC 

Fig. 39. Sensitivity-study Comparison of Model Results (S^o Increase in Reactivity Work 
of Stainless Steel Drop Rod) with Experimental Data for Run-33A Rod Drop 
(50 MW, 1007o flow. No. 2 control rod out) 
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appreciable departure from the experimental results based on the assumed 
(unperturbed) rod worth. As the values in Table XIII show, a variation of 
±5% in rod worth causes a reactivity variation of ±0.00128$ at the end of 
40 sec in the dynamic simulation. Thus, with a 5% assumed uncertainty in 
the worth of the stainless steel rod, any reactivity variations of less than 
0.00128$ at the end of 40 sec of recorded rod-drop da taa re not statist ically 
significant, since they lie inside the uncertainty of the experimental data. 

This means that in judging the model results , any variations of less 
than 0.001Z8$ at the end of 40 sec cannot be assumed to be in e r r o r and 
adjusted on the basis of experimental data. If we now ask what kinds of 
variations are possible within this uncertainty, the following resul ts are 
obtained: an e r r o r of ±18.6% in the sodium tennperature coefficient or an 
e r ro r of ±15.4% in the fuel temperature coefficient could exist. 

Large variations in the radial-blanket coefficients could be included 
without being noticed in the rod-drop experimental data. The model shows 
very little sensitivity to the temperature coefficients assumed for the radial-
blanket mater ia l s . Setting the radial-blanket feedbacks to zero is well within 
the uncertainty associated with the rod-drop experiment. 

The model is somewhat more sensitive to changes in pr imary coolant 
flow and reactor power. However, flow rates could be off by 9.8% or less 
and still not cause any disagreement between theory and experiment. An 
8.3% variation in reactor power would be possible within the ±5% uncertainty 
in the worth of the stainless steel rod. 

These sensitivity studies highlight the importance of knowing the 
worth of the drop rod accurately. The worth should be known to within 1% in 
order that the experimental data can be used to obtain good information on 
the temperature- induced reactivity-feedback networks associated with the 
transient behavior of EBR-II cores. This greater accuracy is especially 
required in assess ing the control-rod 'bank effect" (the differential expan­
sion of control-rod drive shafts with respect to the EBR-II core). The con­
trol rod bank effect is probably undetected in present studies because of 
uncertainties attributed to the experimental data. 
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VI. SUMMARY AND CONCLUSIONS 

The d y n a m i c - s i m u l a t i o n m o d e l u s e d in th i s r e p o r t c o u p l e s the n e u ­
t ron ic , t h e r m a l , and h y d r a u l i c c h a r a c t e r i s t i c s of the E B R - I I c o r e in to a 
c losed- loop r e a c t i v i t y - f e e d b a c k s y s t e m for a n a l y s i s of the e x p e r i m e n t a l 
r o d - d r o p data. With the use of only fuel a x i a l - e x p a n s i o n ef fec ts and s o d i u m -
densi ty effects , we a r e able to r e p r o d u c e the r o d - d r o p data q u a l i t a t i v e l y (as 
r e g a r d s t i m e r e s p o n s e ) and q u a n t i t a t i v e l y (as r e g a r d s m a g n i t u d e of the 
r eac t iv i ty feedback) over the f i r s t 40 s ec of e x p e r i m e n t a l r e c o r d i n g t i m e . 

Through the assunnpt ion tha t one p a r a m e t e r i s unknown (a v a r i a b l e 
pos i t ive bowing coefficient) and tha t t h e r e a r e c o n s t a n t n e g a t i v e c o m p u t e d 
feedbacks , we can show that r o d - d r o p da ta a c q u i r e d f r o m s t a i n l e s s s t e e l -
re f lec ted c o r e s a g r e e with th i s m o d e l . The s e m i q u a n t i t a t i v e r e s u l t s a r e in 
a g r e e m e n t with o ther types of m e a s u r e m e n t s m a d e dur ing the t i m e E B R - I I 
was loaded with a s t a i n l e s s s tee l r e f l e c t o r 

The following conc lus ions of our s tud i e s can b e l i s t e d : 

1. The p r o m p t feedback n e t w o r k s in E B R - I I up t h r o u g h r u n 36A a r e 
p r inc ipa l ly composed of fuel a x i a l - e x p a n s i o n effects and s o d i u m - d e n s i t y 
effects. 

2. Pos i t i ve bowing f r o m the s t a i n l e s s s t e e l r e f l e c t o r was p r e s e n t in 
c o r e s f rom runs 26B through 29A. 

3. At low power leve ls « 12.5 MW) with a s t a i n l e s s s t e e l r e f l e c t o r 
t h e r e was no t h e r m a l bowing, and under t hose c o n d i t i o n s , the b a s i c d y n a m i c 
model using only computed negat ive t e m p e r a t u r e coef f i c ien t s gave e x c e l l e n t 
a g r e e m e n t with r o d - d r o p data. 

4. Assuming a ±5% unce r t a in ty in the r e a c t i v i t y w o r t h of t he s t a i n ­
l e s s s teel drop rod, the following v a r i a t i o n s could be m a d e in the s y s t e m 
p a r a m e t e r s while r emain ing ins ide the u n c e r t a i n t i e s of the e x p e r i m e n t a l 
data : 

a- ±18.6% v a r i a t i o n in the sod ium t e m p e r a t u r e coef f ic ien t ; 

b . ±15.4% va r i a t ion in the fuel t e m p e r a t u r e coef f ic ien t ; 

c. ±9.8% v a r i a t i o n in the p r i m a r y coolan t flow; 

d. ±8.3% v a r i a t i o n in the r e a c t o r power . 

be zero withi;: i:^:^:;'^:^:^' ^̂'̂̂^ '̂ '̂̂'̂ '̂ '̂̂ '̂  ̂ ^ —̂ -̂  *° 
p e r i m e n t a l r o d - d r o p data ^ ""' c o m p a r i s o n of t h e o r e t i c a l and e x -



45 

6. There definitely are reactivity feedbacks from sodium-coolant 
temperature changes and fuel-expansion effects in the rod-drop data, since 
zeroing out these effects causes the model to deviate markedly from the 
experimental data. 

7. This dynamic-simulation model can be used toward analyzing the 
transient response of EBR-II cores containing irradiat ion experiments. 

8. The agreement obtained with the dynamic nnodel used justifies 
the assumption that the power coefficient is linear at reactor operating 
levels. 
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YU. RECOMMENDATIONS 

The following recommendations are made as a resul t of comparing 
the dynamic-simulation model with experimental rod-drop data: 

1. The drop rod should have at least 5 / of reactivity worth to 
avoid signal-to-noise problems in data reduction. 

2. The uncertainty in the reactivity worth of the drop rod should be 
no more than 1% to allow detailed interpretation of the various feedback 
networks in the EBR-II core. 

3. An instrumented subassembly containing driver fuel can greatly 
enhance our interpretation of the rod-drop data. With fas t - response 
thermocouples on the fuel, cladding, and coolant regions of this metall ic 
driver-fuel subassembly, we can further verify that the tempera ture var ia­
tions computed in the AIROS dynamic-simulation model are consistent with 
those measured; we can also compare computed reactor resul ts with the 
ion-chamber current reflecting the power variation in the reactor following 
the rod drop. 

4. Methods should be developed to eliminate noise from the output 
data associated with reactivity feedback. 

5. A statistical analysis should be developed or adapted to identify 
clearly statistically significant variations in the measured feedback-
reactivity data prior to detailed dynamic-simulation modeling of future rod-
drop experiments. 
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APPENDIX A 

Experimental Rod-drop Techniques and Uncertainties 
-

A. Experimental Mechanism and Data-reduction Techniques for Rod-drop 
Experiments 

Rod-drop experiments are conducted in EBR-II to evaluate reactivity 
feedback. A special stainless steel control rod is dropped out of the reactor 
core, causing a drop in reactor power. Drop-rod position, reactivity worth 
as a function of position, and reactor power a re recorded and used as input 
to an inverse-kinetics computer code, which computes system reactivity 
and subtracts the reactivity change due to the dropped rod. The resul t is 
the reactivity feedback in the system during the experiment. The rod-
worth calibration is determined as a function of rod position from experi­
ments conducted at a reactor power level of 500 kW, where feedback effects 
are negligible. Typically, three to five rod-drop experiments a re conducted 
for a given set of power and coolant-flow conditions, and the resul ts are 
averaged. 

Evaluation of the results requires consideration of the experimental 
mechanism, the data-acquisition system, and the data-reduction or computa­
tional techniques. 

1. The Experimental Mechanism 

The special.stainless steel rod is installed in place of a standard 
control rod. The rod contains stainless steel instead of fuel pins, resulting 
in a reactivity worth for the rod of 0.04$ to 0.05$, compared to about 0.50$ 
for a standard control rod similarly situated. 

Modification of the reactor control system allows the rod to be 
dropped independently of the remaining standard control rods. During an 

. „ 3p, the rod is raised back 
into the core and reactor power is leveled. Successive experiments require 
15 to 20 mm of separation to allow equilibrium delayed-cr i t ical conditions 
to be reestablished. 

2. Data-acquis ition System' 

The data-acquisition system consists of a neutron detector 
a rod-position indicator, electronic signal-conditioning and - t ransmiss ion 
equipment, an analog-to-digital ( A / D ) converter, and anIBM-1620 computer. 
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a. Neutron Detector 

The neutron detector is a General Electric Model NA09 
compensated ion chamber, operated without the compensating voltage. The 
chamber is located in the J4 instrument thimble, which penetrates the 
neutron shield surrounding the reactor vessel . The detector location with 
respect to the core is shown in Fig. 40. 

CUTOUT FOR INSTRUMENT 
THIMBLE ( J l ) AND ( 0 2 h j i 

J4 INSTRUMENT 
THIMBLE EUTRON-SHIELD 

COVER 

NEUTRON-SHIELD 
LINER 

HIGH-PRESSURE 
COOLANT 
INLET PIPE ( 2 ) 

LOW-PRESSURE 
COOLANT 
INLET PIPE ( 2 ) 

NEUTRON-SHIELD 
SUPPORT GRID 

Fig. 40. Location of Neutron Detector 

b. Rod-position Indicator 

Rod position is obtained as a 0- to 10-V signal from a 
potentiometer connected to the stainless steel drop rod. 

c. Electronics System 

All data obtained from the sensors are in analog form, 
which must be converted to digital values for storage in the computer. 
Signals presented to the A / D converter must lie in the range of ±10 V, 
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and signal conditioning is performed to provide adequate signals. Rod-
drop experiments present three input signals to the A / D converter: 
(a) ion-chamber output, (b) rod position, and (c) initiate signal. The initiate 
signal controls the acquisition of data by the computer and the re lease of 
the drop rod. Release of the rod occurs a specified time after the computer 
begins accumulating data. The time delay is controlled by a counter and 
allows collection of power data prior to the drop for normalization of power 
data acquired during the experiment. 

Signal-conditioning equipment consists of a preamplif ier for 
current-to-voltage conversion of the ion-chamber signal and operational 
amplifiers for other necessary modifications to the signal. The amplifiers 
are Nexus operational amplifiers with the 3-dB point at 500 Hz and an atten­
uation of 20 dB per decade. A block diagram of the system is shown in 
Fig. 41. 

ION 

CHAMOER 

ROO 

POSIT ION 

I N I T I A T E 

SIGNAL 

OFFSET 

OLTAGE 

p^ " 'k-y-^ 
—\\ ^ ^ 

—II ^ 

S I G N A L ' ' 

FREQUENCY 

1 
COUNTER -

TO ROD LATCH 

MECHANISM 

^ 

H> 
J 

^x>^ 
. r 
n V-J 

FREOUENCV 

GENERATOR 

^ 
NiVCOR 

i /D 

' 

1 

IBM-1620 

COMPUTER 

l A - I N P U T A M P L I F I E R 

A / D - A H A L O G - T O - O I G ( T A L CONVERTER 

Fig. 41. Data-aquisition System for Rod-drop Experiments 

The i o n - c h a m b e r p r e a m p l i f i e r G A - 1 h a s r a n g e s e l e c t i o n 
for r^amtaimng the output s igna l in the r a n g e of 2 to 8 V. O p e r a t i o n a l 
ampl i f ie rs OA-3 through OA-5 have v a r i a b l e gain s e l e c t i o n f r o m 0.01 to 
1000 sca le units for s igna l mod i f i ca t ion . A t t e n u a t o r s l A - 1 t h r o u g h l A - 3 , 
jus t before he A / D c o n v e r t e r , a r e 1 0 - t u r n p o t e n t i o m e t e r s for f u r t h e r 
signal modification to m a i n t a i n da ta wi th in a l l o w a b l e l i m i t s at the d i s i t i z e r 
Output from the d ig i t i z e r l i es be tween - 1 . 8 and +1 .8 V, and c o n s i s t s ' o f four' 
significant d ig i t s . D ig i t i ze r output is s t o r e d by the c o m p u t e r and w r U t e n 
on magnet ic tape upon comple t ion of da t a a c q u i s i t i o n for an e x p e r i l e t t 

In o r d e r to p r o v i d e an a d e q u a t e r e p r e s e n t a t i o n of r e a c t o r 
power, mos t of the cons tan t c o m p o n e n t of p o w e r is s u b t r a c t e d f r o m thP l,.„ 
chamber signal by an offset vo l t age (OSV) a t O A - 3 . The output of O A - 3 then 
r e p r e s e n t s the changing componen t of r e a c t o r p o w e r d u r i n g an e x p e r i m e n t " 
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Reconstruction of the power signal for inverse-kinetics computation is ac­
complished by calibrating the system gain from OA-3 through the computer 
and adding the product; system gain times OSV, to each power-data point. 
This is done at the time of the inverse-kinetics computation, ra ther than at 
the time of data acquisition. 

System calibration is accomplished by injecting a known 
voltage into OA-3 and averaging the output to the computer. The system 
gain equals output divided by input. 

The rate of data sampling is controlled by a frequency gen­
erator and counter used as a clock. Data nnay be sampled at a rate up to about 
300 samples per second, limited by the time required for the computer to 
connect and disconnect to the digitizer and store data. A typical sampling 
rate is 200 samples per second. 

The NAVCGR A / D unit is a field modification to the IBM-
1620 computer. Maximum time skew between sampled channels is 160 jUsec. 

The system is battery operated with a single ground. 

3. Data-reduction Techniques 

Reduction of rod-drop data involves reconstruction and normal­
ization of power, normalization of drop-rod position, computation of system 
reactivity, computation of the rod-worth calibration, and, in the case of 
experiments at significant power levels, computation of reactivity feedback. 

Reconstruction and normalizatioi> of reactor power (P^) is ac­
complished by adding the product: offset voltage (OSV) times system 
gain (G), to each sampled power point (Pg) and normalizing all power data 
to a 24-point average of power just prior to the rod drop: 

Pi = Ps + OSV X G, i = 1, 2 N; 

°̂ = ^ I ^̂̂  
Pi = Pi/Po; i = 25, 26 N. 

Normalization of rod position (Ri) is done by normalizing the 
overall change in the signal to a change of unity: 

1 L 
Rf = -f—^ Y. (Ri + 2.0); 300 £ K < L £ 500; 

^ ' ^ i=K 

Ri = [(Ri + 2.0)-Rf]/Ro, 
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where 

Ro = 4 : E [(Ri + 2 .0)-Rf] . 
'-^ i = l 

Power and position values stored in the computer may consist 
of both positive and negative values; addition of OSV times gain to power 
and addition of 2.0 to the position data ensure that all values will be 
positive in the raw data, and the normalized values will then be of proper 
sign. 

Normalization of power and position data to the average of the 
first 24 points for each ensures normalization to data acquired pr ior to 
motion of the rod during the test. 

If it is deemed advisable, power data may be smoothed by a 
Hamming function,' a part of the computer code which normalizes the data 
and computes system reactivity and reactivity feedback. 

4. Inverse-kinetics Determination of System Reactivity 

Computation of system reactivity during the rod-drop experi­
ment is accomplished by utilizing the customary one-group,'" '^ space-
independent kinetics equations. 

Begin with the equations: 

dn(t) _ [ A k ( t ) ( l - p ) - p ] ^ f . r l . \ 
dt Ji "W + 4 ^iCi(t); (1) 

dCi(t) [1+Ak(t)] 
dt i* 

?in(t) - X.Ci(t), (2) 

where 

n(t) - normalized neutron, or power, level at t ime t; 

Ak(t) = system reactivity at time t; 

Pi = î n delayed-neutron fraction; 

Xi = ith delayed-neutron decay constant; 

Ci(t) = 1 delayed-neutron-precursor concentration at time t; 

^ = prompt-neutron lifetime. 
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By combining Eqs. (l) and (2) we have 

\*, '^ n(t) + ̂  XiCi(t) - 2^ - ^ dn(t) _ Ak(t)(l-/3) - p ^̂ ^ V ^ r- , N V '^'^i('' 
dt 

^ 7 ' [ 1 + Ak(t)] X^^^|^Mt)-£xiCi(t). 
i=l 1=1 

Collecting t e rms results in the form 

dn(t) _ Ak(t)n(t) V '^'^i^*' 
dt i* 

1 = 1 

Linearize Eq. (2) by neglecting the product Ak(t)/3jn(t), which is 
small compared with Pin(t); this results in the form 

i ^ = 1 ^ - .,C.(t) . (2.) 

Let n(t) and Ci(t) each be composed of a steady-state and a t ran­
sient component: 

n(t) = no + An(t); Ci(t) = Cio + ACi(t). 

Consider Eq. (2') for the steady-'state case: 

d[Cio+ ACi(t)] /3i[no+An(t)] 
dt £* 

- \i[Cio+ACi(t)], 

0 - ^ - MCio (3) 

because the An(t) and ACi(t) are zero for the steady-state case and the 
derivative of a constant is zero. 

Now Eq. (2') can be rewritten using Eq. (3): 

d[ACi(t)] PiAn(t) 
dt 

XiACi(t). (2") 
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Rewrite Eq, (l ' ) with the A notation of Eq. (2"), and —r-̂  = 0: 

d[An(t)] Ak(t)[no+An(t)] y d[ACi(t)] . ,, 
dt " i* ' Z . dt • ^ ' 

1=1 

The relation (2") can be solved by application of the integration factor 
exp(Xit) and evaluation of the integral in the resulting expression by t r ap ­
ezoidal integration: 

^Ci(t) =-^ exp(-Xit) r An(x) exp(Xix) dx + ACi(to) exp[-Xi(t - to)] 
-̂  •'to 

= 77 exp(-Xit)—[An(to) exp(Xito) + An(t) exp(Xit)] + ACi(to) exp(-XjAt): 

At = t - to; in general to / time when n = no, Ci = Cio. 

Rearrange terms: 

'^Ci(t) = - ^ ^ [ A n ( t o ) exp(-XiAt) +An(t) exp(O)] + ACi(to) exp(-XiAt) 

= 'i*~^^'^'P'^-\^^)^'^i^o) +^ri{t)] + AC-(to) exp(-XiAt). 

Substitute this expression for ACi(t) in Eq. (2"), then substitute 
the resulting expression for dACi(t)/dt in Eq. (1"); 

i=i i= i 

6 

+ An(t)] + ^ ACi(to) exp(-XjAt). 

which i* remv " " " ' ^'^^ " ' ' " ° " ""' ^^ ^ = '^" ^^^' ^"-^ ^^^§1^^' -"V t e rm in 
Tult L " ' " coefficient after reducing to lowest t e r m s . The r e -

0 = Ak(t)[no±An(t)] - pAn(t) + A L ^ XiPi[exp(-XiAt)An(to) ± An( t)] 



55 

where 

P = . 1 i3i. 
1 = 1 

Solve this expression for Ak(t): 

'^^W = - ^ - 2ino±ln(t)J i XiPi[exp(-XiAt)An(to)±An(t)]. 

Multiply this expression by p " ' to obtain reactivity with units of 
dollars: 

•̂̂W = ^^^f^ -2[no±"U)]I^^-P'-^^" '̂""<^°^^""^^"-
i=> (4) 

E q u a t i o n (4) is u s e d to eva lua t e the r o d - d r o p wor th at z e r o p o w e r 
and the s y s t e m r e a c t i v i t y d u r i n g r o d - d r o p e x p e r i m e n t s at p o w e r . T h e An(t) 
a r e ob ta ined by n o r m a l i z i n g the i o n - c h a m b e r output to unity for the s t e a d y -
s t a t e condi t ion p r i o r to the rod d r o p . C o m p u t i n g the a p p r o p r i a t e v a l u e s on 
the r igh t s i de of the r e l a t i o n f r o m the n o r m a l i z e d p o w e r da t a is a c c o m p l i s h e d 
by c o n s i d e r i n g tha t Eq . (4) r e p r e s e n t s the s y s t e m r e a c t i v i t y at t i m e t; the 
s y s t e m r e a c t i v i t y i s z e r o for t = 0. P o i n t w i s e change in r e a c t i v i t y due to 
the rod d r o p is c o m p u t e d f r o m rod pos i t i on a t each t i m e point and the va lue 
is s u b t r a c t e d f r o m the s y s t e m r e a c t i v i t y , l eav ing a va lue for s y s t e m feed­
back r e a c t i v i t y . 

B. C o n s i d e r a t i o n of E r r o r t 

P o s s i b l e s o u r c e s of e r r o r in the r e a c t i v i t y - m e a s u r e n n e n t s y s t e m 
inc lude t h e p o s i t i o n and c h a r a c t e r i s t i c s of the n e u t r o n d e t e c t o r , n e u t r o n i c 
n o i s e , c a l i b r a t i o n of the e l e c t r o n i c s sys tenn, and d a t a - r e d u c t i o n m e t h o d s . 

1. Neutron-detector Output 

Location of the detector is not known to a precision necessary 
to examine the possibility of shielding effects on the ion-chamber signal. 
The chamber output current to preamplifier OA-1 (see Fig. 41) is linear with 
reactor power. 

2. Neutronic Noise 

Neutronic noise varies from run to run, with a maximum ob­
served magnitude of about 4% of the measured neutron signal. Reduction 
of any e r ro r associated with neutronic noise is accomplished by means of 
severa l successive rod-drop experiments with pointwise averaging of 
computed resul t s . In addition, power-data smoothing can be performed prior 
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to inverse-kinetics computations by use of a Hamming function--this option 
is provided in the computer code that performs the reactivity calculations, 

3. Calibration of Electronics System 

Calibration of the electronics system from operational amplifier 
OA-3 through the IBM-1620 computer (see Fig. 41) is subject to a variation 
of about 0.2% between minimum and maximum measured system gain. This 
uncertainty is carried in the power data, 

4. Data-reduction Methods 

The output of the A / D converter consists of digital values with a 
maximum of four significant decimal digits, ranging from - 1.800 to +1.800. This 
implies an uncertainty as large as 0.001 due to truncation. The signal of 
interest here is the power signal. The resultant uncertainty in power data is, at 
most, 0.00l/(minimumpower) or about 0.001/0.8 = 0.0012, slightly more than 
0.1% uncertainty, exclusive of any effects of noise in the data. 

The inverse-kinetics computation is done with an IBM-3 60/75 sys ­
tem in double-precision arithmetic, s o t h e r e i s negligible e r r o r due to truncation 
or round-off. An er ror of 0.1% in power will give approximately 0.001$ e r r o r in 
computed system reactivity. The computation of reactivity feedback will addi­
tionally contain any er ror present in the calibrated worth of the drop rod. 

Rod-worth calibration is determined from rod-drop experiments 
conducted at a reactor power level of 500 kW. Usually three or more exper­
iments are pointwise averaged to obtain a rod-worth calibration. The cali­
bration is assumed tobe a continuous function of position. A measure of the 
uncertainty in the calibrated worth is the standard deviation between a smooth 
curve, fit to the calibration values, and the values themselves. Figures 42 
through 47 show the best fits obtained for third- or fifth-order fits to the 
averaged calibrations used to compute reactivity feedback for the runs 
covered in this report. The standard deviation 0 is given in the figure cap­
tions for the respective curve fits. Additionally, for the two sets of cal ibra­
tion data for run 33A, fits were made to each of these (unaveraged) sets of 
data. The best fit is shown in Fig. 46. 

^°^^ '^^t the calibration of the low-worth rod (see run 36A, 
Fig. 47) should be fit only over the portion of rod t ravel occurring after the 
reactivity change becomes significant. 

t ^O - T, The inferred e r ror in rod worth of the 0.05$ rod (runs pr ior 
to 3b, IS about 5%, which in turn implies that the e r r o r in the computed 
feedback can approach 0.0025$, plus or minus the 0.001$ e r ro r associated 
with the uncertainty in the power data. 

No attempt is made here to separate noise effects completely 
trom other effects, smce the values for rod worth are sensitive to noise in 
the raw data. 
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ROD FRACTION WITHDRAWN FRACTION WITHDRAWN 

Fig. 42. Worthof Drop Rod in Run26B, Third-order Fit Fig. 43. Worthof Drop Rod in Run 29A, Third-order Fit 

ROD FRACTION WITHDRAWN ROD FRACTION WITHDRAWN 

Fig. 44. Worthof DropRodin Run29C,Third-orderFit Fig. 45. Worth of Drop Rod in Run 33A (No. 2 control 
rod in), Third-order Fit 
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ROO FRACTION WITHDRAWN ) FRACTION WITHDRAWN 

Fig. 46. Worth of Drop Rod in Run 33A(No. 2 control Fig. 47. Worth of Drop Rod in Run 36A, Fifth-order Fit 
rod out), Third-order Fit 
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A P P E N D I X B 

AIROS Channe l F o r m u l a t i o n 

The AIROS channe l f o r m u l a t i o n for E B R - I I i s dep ic t ed in five p a r t s 
in F i g . 4 8 . F i g u r e 48(a) shows the hexagona l loading p a t t e r n s of the c o r e -
fuel and i n n e r - b l a n k e t s u b a s s e m b l i e s . F i g u r e 48(b) d e p i c t s the v a r i o u s 
r e a c t o r r o w s and the i m p o r t a n t r e a c t i v i t y - f e e d b a c k s o u r c e s in the c o r e and 
b lanke t s u b a s s e m b l i e s . The s i m u l a t i o n of t h e s e v a r i o u s f eedback s o u r c e s 
w a s m a d e on the b a s i s of " a v e r a g e d " s u b a s s e m b l i e s a t d i f fe ren t r a d i a l 
p o s i t i o n s in t he c o r e and b lanke t . F i g u r e 48(c) shows the a v e r a g e d s u b ­
a s s e m b l i e s u s e d in the d y n a m i c - s i m u l a t i o n m o d e l . The a v e r a g e d c o r e -
fuel s u b a s s e m b l i e s conta in 91 fuel e l e m e n t s ; the a v e r a g e d c o n t r o l - r o d 
s u b a s s e m b l i e s conta in 61 fuel e l e m e n t s ; and the a v e r a g e d i n n e r - b l a n k e t 
s u b a s s e m b l i e s conta in 19 e l e m e n t s . A c h a r a c t e r i s t i c a v e r a g e d e l e m e n t in 
e a c h r e a c t o r row and c o n t r o l - rod r eg ion was s e l e c t e d a s shown in F i g . 48(d) . 
F i n a l l y , the AIROS channel s i m u l a t i o n s c o n s i s t e d of d e s c r i b i n g each a v e r ­
aged e l e m e n t a s a c y l i n d r i c a l e l e m e n t c o m p o s e d of fuel, s o d i u m bond, 
s t a i n l e s s s t ee l c ladd ing , and s o d i u m - c o o l a n t annulus [ s e e F i g . 48(e) ] . 

T h e d i m e n s i o n s , p o w e r , and flo'w r a t e s w e r e connputed; and the 
p h y s i c a l p r o p e r t i e s w e r e e s t a b l i s h e d for al l r e a c t o r m a t e r i a l s c h o s e n to 
r e p r e s e n t the a v e r a g e t e m p e r a t u r e r a n g e of i n t e r e s t in each r o d - d r o p ex -
pe r innen t ( s ee Append ix C) . The fuel r eg ion was d iv ided into t h r e e r a d i a l 
and t h r e e ax ia l n o d e s . The coolan t r e g i o n s w e r e d iv ided into four ax ia l 
n o d e s , t h r e e for the a c t i v e c o r e l eng th , which c o n t r i b u t e to the r e a c t i v i t y 
feedback , and one node for the in le t coo lan t , wh ich does not c o n t r i b u t e to 
the t e m p e r a t u r e - i n d u c e d r e a c t i v i t y feedback . The t e m p e r a t u r e changes 
a s s o c i a t e d wi th the 96 h e a t - t r a n s f e r nodes wf r e mu l t i p l i ed by t h e i r 
a p p r o p r i a t e l y we ighed t e m p e r a t u r e coef f ic ien ts to compute the t e m p e r a t u r e -
induced r e a c t i v i t y f eedback a s s o c i a t e d wi th each r o d - d r o p e x p e r i m e n t . 
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APPENDIX C 

Physical Proper t ies of Materials in Driver-fuel Elements 

The transient response of EBR-II driver-fuel elements is partially 
dependent on the physical propert ies of the mater ia ls used in these fuel 
elements (i.e., uranium-5 wt % fissium, Type 304L stainless steel, and 
sodium). The physical propert ies of these reactor mater ia ls a re all 
varying functions of the operating temperatures . In a rod-drop experi ­
ment the temperatures will decrease as negative reactivity is inserted 
into the reactor system. The amount of temperature decrease is depend­
ent on the reactivity worth of the stainless steel drop rod and on the 
temperature-induced reactivity feedback of the system. Figures 49 through 
54 show the thermal conductivities and specific heats of uranium-5 wt % 
fissium. Type 304L stainless steel, and sodium as functions of tempera tures . 

Table XIV lists the percentage changes in physical propert ies of 
reactor mater ia l s accompanying a decrease in operating temperature from 
the upper limit of 1200°F to the lower limit of 700°F. 
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Fig. 52. Thermal Conductivity of Type 304L Stainless Steel vs Temperature 
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Fig. 54. Specific Heat of Type 304L Stainless Steel vs Temperature 

TABLE XIV. P e r c e n t a g e Changes in T h e r m a l Conduc t iv i ty and 
Specific Heat of R e a c t o r M a t e r i a l s (1200 to 700°F) 

Reac tor M a t e r i a l s T h e r m a l Conduc t iv i ty Specif ic Hea t 

U-5 wt % Fs 

Sta inless Steel 
(Type 304L) 

Sodium 

-29.0 

-15 .0 

+22.0 

-46.0 

-9.0 

+3.0 

Table XIV represents the maximum range of variations in these 
physical properties. Experimentally, the temperature change of interest 
in an individual rod-drop test is much less than this. In runs 26B through 
33A, the reactivity worth of the drop rod varied between approximately 
12 and 17 Ih. The typical core-averaged sodium-coolant AT at 50 MW is 
184°F, or approximately 3 . 7 ° F / M W . For a drop-rod worth of 1 5 Ih and a 
typical reactor power coefficient of 1.5 Ih/MW, we would experience an 
approximately 10 MW change in reactor power following thermal equilib­
rium. Thus, for this typical rod-drop test the temperature change in the 
AT of the primary sodium coolant would be 37°F. Assuming a nominal 
sodium-coolant temperature of 800°F, a drop of 37°F would change the 
thermal conductivity of the coolant by +1.0%. Therefore, the assumption 
of constant values for thermal conductivity and specific heat in each rod-
drop experiment introduces a very small e r r o r . With the lower-worth 
drop rod, the er ror in the AIROS-IIA channel formulation is negligible. 
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APPENDIX D 

Detailed Feedback Model (Prompt and Delay Terms) 

The principal temperature-induced reactivity-feedback networks 
considered in the main sections of this report result from temperature 
changes in the reactor driver fuel and pr imary sodium coolant. It was 
demonstrated in this report that by theoretical accounting for the details 
of these reactivity effects, we obtained excellent agreement with measured 
reactivity feedback obtained from rod-drop experiments. With reference 
to the safe operation of EBR-II, these principal effects are readily under­
stood and are reproducible in the core loadings studied. However, the 
existence of other feedback networks must be s t ressed in understanding 
the differences between rod-drop and power-react ivi ty-decrement m e a s ­
urements , as well as the influence of changes in future EBR-II core loadings. 

Figure 55 is a more complete feedback diagram for present and 
future EBR-II core loadings, illustrating the additional reactivity contri­
butions to be expected in future core loadings. These feedback networks 
will include: 

(1) temperature-induced Doppler reactivity effects in experimental 
oxide fuel elements; 

(2) temperature-induced axial expansion of control-rod drive shafts; 

(3) temperature-induced bowing of core and reflector subassemblies. 

In addition, there may be some initial (at low-burnup levels) fuel-
expansion effects from experimental oxide-fuei elements, based on experi ­
ence in the French FBR program at Rapsodie Experimental Reactor. These 
effects will be simulated in future analyses of rod-drop experimental resul t s . 
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A P P E N D I X E 

P r o p o s e d I n s t r u m e n t e d D r i v e r - f u e l S u b a s s e m b l y * 

An i n s t r u m e n t e d d r i v e r - f u e l s u b a s s e m b l y would a p p r e c i a b l y e n h a n c e 
ou r ab i l i t y to u n d e r s t a n d the d y n a m i c b e h a v i o r of E B R - I I c o r e l o a d i n g s . 
P r e s e n t l y , only i o n - c h a m b e r c u r r e n t is m o n i t o r e d and i n t e r p r e t e d into 
r e l a t i v e c h a n g e s in r e a c t o r p o w e r . As no ted in Appendix A, the ion -
c h a m b e r c u r r e n t is p r o c e s s e d and c o n v e r t e d into s y s t e m r e a c t i v i t y . The 
d y n a m i c - s i m u l a t i o n m o d e l d e s c r i b e d in th i s r e p o r t was u s e d to a n a l y z e 
the r e s u l t s of t h e s e p r o c e s s e d da ta . In comput ing the c l o s e d - l o o p feedback , 
t e m p e r a t u r e s in fuel, s o d i u m bond, c ladd ing , and coo lan t a r e c a l c u l a t e d 
for e a c h a v e r a g e d fuel e l e m e n t in e a c h row in the c o r e and inne r b l anke t . 

An i n s t r u m e n t e d d r i v e r - f u e l s u b a s s e m b l y would p r o v i d e d e t a i l e d 
i n f o r m a t i o n on the t e m p e r a t u r e change in d r i v e r - f u e l e l e m e n t s dur ing a 
r o d - d r o p e x p e r i m e n t . A s c h e m a t i c r e p r e s e n t a t i o n of the E B R - I I i n s t r u ­
m e n t e d s u b a s s e m b l y is g iven in F i g . 56. F i g u r e 57 is a c r o s s - s e c t i o n a l 
v i ew of a t y p i c a l s u b a s s e m b l y loading , showing the loca t ions of t h e r m o ­
c o u p l e s and coo lan t f l o w m e t e r s . The u t i l i z a t i on of an i n s t r u m e n t e d d r i v e r -
fuel s u b a s s e m b l y in r o d - d r o p e x p e r i m e n t s would g r e a t l y enhance our 
ab i l i t y to d e t e c t t e m p e r a t u r e changes and would c o m p l e m e n t our p r e s e n t 
i o n - c h a m b e r da t a . The c o m b i n e d da t a se t would p r o v i d e i n f o r m a t i o n p e r ­
t a in ing to the d e t a i l e d t e m p e r a t u r e - i n d u c e d feedback n e t w o r k s r e q u i r e d 
for a c o m p l e t e d d y n a m i c s i m u l a t i o n and u n d e r s t a n d i n g of the E B R - I I 
r e s p o n s e . 

*An instrumented subassembly containing experimental oxide-fuel elements is presently installed in the 
EBR-U core. 
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Fig. 57. Instrumented Subassembly. ANL Neg. No. 113-2409. 
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APPENDIX F 

Experimental Subassemblies 

Table XV lists the various experimental- i rradiat ion subassemblies 
present in the core loadings studied in this report . The reactivity feed­
backs froai the ceramic-fueled subassemblies were assumed to be zero in 
this study, owing to the small amount of mater ia l and the lack of data on 
ceramic-fuel expansion. However, the various subassemblies surrounding 

TABLE XV. P h y s i c a l C h a r a c t e r i s t i c s of I r r a d i a t i o n E x p e r i m e n t s 

G r i d 

Locat ion 

Exposure 

Goal (MWdI 

Power G e n e r a t i o n 

I k W / t t I 

Fuel Type 

M i d p l a n e 

B u r n u p Rate 

{[at, %lmii] X Iff') 

Max^ Min'' 

XCO? 

XG03 

XG04 

XGI6 

XAOS 

XOIO 

X012 

X015 

X016 

X017 

X018 

X019 

xm 
X0Z2 

X0Z5 

XOZ? 

X029 

X030 

X03Z 

X033 

X034 

X035 

XWO 

X040 

X M l 

XCbt3 

X044 

X050 

X051 

X053 

X054 

xoss 

XOS« 

X057 

X058 

X059 

X060 

X06 I 

X063 

X067 

761 

4C2 

4A3 

16,700 

23,300 

dS.OOO 

13,750 

20.700 

19,600 

21,400 

11,500 

7,400 

6,500 

22,900 

13,000 

13,000 

16,000 

5,100 

No L im i t 

14,300 

12,200 

14,800 

44,800 

33,300 

17,700 

2,700 

7,000 

16,700 

6,100 

8,100 

7,500 

16,400 

3,600 

10,000 

20,000 

10,600 

15,000 

^Capsule or 

"Capsu le or 

' ^S t ruc tu ra l 

• ^St ruc tu ra l 

e lement w i t t i m a x i m u m v a l u e , 

e lement w i t h m i n i m u m v a l u e , 

tests o( c ladd ing ma te r i a l s l i e 

tests o l ma te r i a l s ( i .e . . ^1203 

0 0 ^ - 2 0 P u 0 2 

UO2-20 PuO? 

UOz-20 P u 0 2 

U 0 2 - P u 0 2 

' U o . 8 - P u o , 2 ' C 

UO2-20 P u 0 2 

UO2-2O P u 0 2 

U O ^ - P u O ^ 

S t r u c t u r a l * ^ 

U O j - P u O z 

Structural 

U02-PuO2 

UOj-PuO; 

Structural*^ 

Structural"^ 

U 02-25 Pu02 

U-5 Fs 

Structural^ 

Pu02-25 U02 

'Uo.8-Puo.2lC 

Structural^ 

Structural^ 

U02-25 Pu02 

Structural"^ 

Structural^ 

U02-Pu02 

Structural 

UO2-25 PuOz 

Structural*' 

UO^-PuOz 

U 02-25 Pu02 

U-5 Fs 

U02-25 Pu02 

"J0.85-Pu0.15'C 

UO2-25 PuO; 

Structural"^ 

U02-25 Pu02 

U02-25 Pu02 

Structural"^ 

Structural"^ 

Structural"^ 

Structural"^ 

2.6 

5.1 

1.9 

4.0 

, 304L, 316, 
Y203). 

K V-20Ti, Hast-X, INCO-625, etc.). 
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the stainless steel drop rod may be the principal cause of the uncertainty 
in drop-rod worth at full power. Table XVI lists the subassemblies in the 
first and second rings surrounding the stainless steel drop rod. The 
second ring of subassemblies is included because of experimental data 
obtained in run 33A. In this run, the worth of the stainless steel drop rod 
was measured at 500 kW with the No. 2 control rod (second ring) in the 
core and again with the No. 2 control rod out of the core. The results of 
this experiment showed a decrease in the worth of the drop rod of 6.6%. 

TA8LE XVI. Changes in Local Environment Surrounding Ihe Stainless Steel 
[}rop Ro(J and Associated Reactivity-worth Changes tor the Drop Rod 

Nearest Sutussemblies 
to Stainless Steel Drop 

Rod (not driver fuel) 

Second Ring of Sutassemblies 
Influencing Wortti of Stainless 

Steel Drop Rod 

Measured Reactivity 
Wortfi of Stainless 

Steel Drop Rod 
at 500 kWI$) 

% Change 
in Wortti 

between Runs 

»B 

29A 

29C 

33A 

36A 

X019 lOxide and 
Carbide Fuel) 

X019 (Oxide and 
Carbide Fuell 

Blanket (Depleted Uranium) 

X019 (Oxide and 
Carbide Fuell 

X019 (Oxide and 
Carbide Fuel) 

X019 (Oxide and 
Carbide Fuel) 

XG03 (Oxide Fuel) 
Reflector (Stainless Steel) 
X017 (Oxide Fuel) 

XG03 (Oxide Fuel) 
X016 (Oxide Fuel) 
X017 (Structural) 
Reflector (Stainless Sleel) 

XG03 (Oxide Fuel) 
Blanket (Depleted Uranium) 
X016 (Structural) 
X017 (Oxide Fuel) 

X038 (Structural) 
Blanket (Depleted Uranium) 
XG03 (Oxide Fuel) 
X043 (Oxide Fuel) 

X038 (Structural) 
Blanket (Depleted Uranium) 
XG03 (Oxide Fuel) 
X0d3 (Oxide Fuel) 

0.0417 

0.ftl93 

0.0408 

0.0533 
(0.0500)3 

0.0221C 

+18.Z 

-20.8 

+30,6 
(-6.6)" 

^ o r l h of stainless steel drop rod with No. 2 control rod out o( core. 
^Change in worth ot stainless steel drop rod due to withdrawal of No. 2 control rod. 
cfJew low-worth stainless steel rod. 

Early work by R. W. Hyndman and R. B. Nicholson deduced that 
the worth of the stainless steel rod changed when the reactor power was 
raised from 500 kW to 45 MW. Since a large nunnber of small changes 
occur in raising the reactor power, it is difficult to separate effects. The 
effective mater ia l density of the reactor decreases as the reactor power 
is increased, thereby increasing neutron leakage. The increase in tem­
pera tures causes the core-fuel subassemblies to bow outward because of 
induced thermal gradients, thereby increasing radial and axial neutron 
leakage. If changes in neutron leakage affect the at-power reactivity 
worth of the stainless steel drop rod, then the surrounding subassemblies 
could also influence the reactivity worth of the drop rod. 

At present , only limited data are available to resolve this impor­
tant question. The existing experimental data presented in Table XVI 
inaply that the local environment does influence the worth at 500 kW. 
Future cr i t ical assemblies in ZPR-3 and additional power experiments in 
EBR-II may aid in resolving this question. Our ability to interpret changes 
in the dynamic character is t ics of any given core loading is dependent on 
our knowing the reactivity worth of the drop rod. 
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